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Abstract—In this work, we present a cloud-aided uplink frame-
work for multi-way multiple-antenna relay systems which facili-
tates joint linear Maximum Likelihood (ML) symbol detection in
the cloud and where users are selected to simultaneously transmit
to each other aided by relays. We also investigate relay selection
techniques for the proposed cloud-aided uplink framework that
uses cloud-based buffers and physical-layer network coding. In
particular, we develop a novel multi-way relay selection protocol
based on the selection of the best link, denoted as Multi-Way
Cloud-Aided Best-User-Link (MWC-Best-User-Link). We then
devise the maximum minimum distance relay selection criterion
along with the algorithm that is incorporated into the proposed
MWC-Best-User-Link protocol. Simulations show that MWC-
Best-User-Link outperforms previous works in terms of average
delay, sum-rate and bit error rate.
Index Terms—Multi-Way Relay Channel, Cooperative diver-
sity, Maximum Likelihood detection, MIMO
I. INTRODUCTION
In wireless networks, the use of cooperative diversity [1] can
mitigate the signal fading caused by multipath propagation.
The Multi-Way Relay Channel (mRC) [2] includes both a
full data exchange model, in which each user receives data
from all other users, and the pairwise data exchange model,
which is composed by multiple two-way relay channels. The
incorporation of mRC with multiple relays in a system can
significantly improve its performance. Considering 5G require-
ments [3], high spectrum efficiency relaying strategies are key
due to their excellent performance. The use of a cloud as a
central node can leverage the performance of relay techniques
as network operations and services have recently adopted
cloud-enabled solutions in communication networks [4]. The
ability to cost-effectively manage interference is one of the
main advantages of adopting the cloud network framework [4].
In the Cloud Radio Access Network (C-RAN) architecture,
the baseband processing, usually performed locally at each
base-station (BS), is aggregated and performed centrally at a
cloud processor. This is enabled by high-speed connections,
denoted as fronthaul links, between the BSs and the cloud
[4]. This centralized signal processing enables the interference
mitigation across all the users in the uplink and downlink. The
BSs in the C-RAN are also referred to remote radio heads
Copyright (c) 2015 IEEE. Personal use of this material is permitted.
However, permission to use this material for any other purposes must be
obtained from the IEEE by sending a request to pubs-permissions@ieee.org.
F. L. Duarte is with the Centre for Telecommunications Studies (CE-
TUC), Pontifical Catholic University of Rio de Janeiro, Brazil, and the
Military Institute of Engineering, IME, Rio de Janeiro, RJ, Brazil. e-mail:
flaviold@cetuc.puc-rio.br
R. C. de Lamare is with the Centre for Telecommunications Studies
(CETUC), Pontifical Catholic University of Rio de Janeiro, Brazil, and the
Department of Eletronic Engineering, University of York, United Kingdon.
e-mail: delamare@cetuc.puc-rio.br
(RRHs) as their functionality is often limited to transmission
and reception of radio signals [4].
The mRC has multiple clusters of users in which each
user aims to multicast a single message to all the other
users in the same cluster [2]. Processing L users in a cluster
corresponds to an L-way information exchange among the
users in the same cluster. A group of N relays facilitates
this exchange, by helping all the users in the system. In
particular, the mRC pairwise data exchange model (L = 2)
is formed by multiple two-way relay channels. In Two-Way
Multiple-Access Broadcast Channel (MABC) schemes, based
on the decode-and-forward (DF) protocol [5], the transmission
is organized in two successive phases: 1) MA phase - a
relay is selected for receiving and decoding the messages
simultaneously transmitted from two users (sources S1 and S2)
and physical-layer network coding (PLNC) is performed on
the decoded messages; 2) BC phase - the same selected relay
broadcasts the decoded messages to the two sources. The Two-
Way Max-Min (TW-Max-Min) relay selection protocol [5] has
a high performance, when all the channels are reciprocal and
fixed during two consecutive time slots (MA and BC phases).
Otherwise, with non reciprocal channels, the performance
of relaying strategies can be enhanced by adopting buffer-
aided protocols, in which the relays are able to accumulate
data in their buffers [6], [8], before sending data to the
destination, as in the Multi-Way Max-Link (MW-Max-Link)
[9] protocol for cooperative multi-input multi-output (MIMO)
systems, which selects the best links amongK pairs of sources
(diversity gain equals 2NK), using the extended Maximum
Minimum Distance (MMD) relay selection criterion [10],
[11]. Furthermore, in [12], the Two-Way Max-Link (TW-Max-
Link) protocol (a special case of MW-Max-Link, for a single
two-way relay channel (K = 1)), also using the extended
MMD criterion, was presented. However, cloud-aided multi-
way protocols using the maximum minimum distance relay
selection criterion, for multiple-antenna systems, in which
each cluster has a particular buffer, have not been previously
investigated.
In this work, we develop a cloud-aided framework and a
Multi-Way Best-User-Link (MWC-Best-User-Link) protocol
for cooperative MIMO systems, with non reciprocal channels,
which selects the best links among K pairs of sources (clus-
ters) and N relay nodes. In order to perform signal detection at
the cloud and the nodes, we present maximum likelihood (ML)
detectors. We then consider the maximum minimum distance
criterion and devise a relay selection algorithm for MWC-Best-
User-Link. Simulations illustrate the excellent performance of
the proposed framework, the proposed MWC-Best-User-Link
protocol and the relay selection algorithm as compared to
previously reported approaches.
This paper is structured as follows. Section II describes the
system model and the main assumptions. Section III presents
the proposed MWC-Best-User-Link protocol, the relay selec-
tion criterion and algorithm, and analyzes MWC-Best-User-
Link, in terms of pairwise error probability (PEP) and sum-
rate. Section IV illustrates and discusses the simulation results
whereas Section V gives the concluding remarks.
II. SYSTEM DESCRIPTION
We assume a MIMO multi-way MABC relay network
formed by K clusters (pair of sources S1 and S2) and N half
duplex (HD) DF relays, R1,...,RN . In a C-RAN framework,
the sources would represent mobile users and the relays would
represent RRHs. The sources have Ms antennas for transmis-
sion or reception and each relayMr = 2UMs antennas, where
U ∈ {1, 2, 3 . . .}, all of them used for reception (MrRx =Mr)
and a part of them used for transmission (MrTx = VMs ≤
Mr), where V ∈ {1, 2, 3 . . .}, forming a spatial multiplexing
network, in which the channel matrices are square or formed
by multiple square sub-matrices in the MA mode. Note that
the reason for using multiples of 2Ms antennas at the relays
is because the relay selection algorithms explained in Section
III use criteria that depend on these matrices to be square or
to be formed by multiple square sub-matrices. Moreover, the
computational complexity The selected relays access a number
of K cloud buffers for extracting or storing Ms packets in
each time slot. Each cluster has a particular cloud buffer
that is established on demand, whose size is J packets, as
depicted in Fig.1. In the multiple-access phase (uplink), a
cluster is selected to send Ms packets simultaneously to a
selected relay Rg for reception. Then, the data are decoded
by the cloud processor, PLNC is employed on the decoded
information and the resulting data are stored in their particular
cloud buffers. In the broadcast-channel phase (downlink), two
relays Rj1 and Rj2 are selected to broadcastMs packets from
the particular cloud buffer to the selected cluster. Note that
Rj2 may be different from Rj1. In most of the situations the
selection of only one relay in downlink is enough for a good
performance [9], [10], [11], [12], [13]. However, by selecting
two relays, the possibility of combining the channels related
to the selected relays increases the degrees of freedom of the
system and, consequently, its performance is improved. The
system could select more than two relays to further improve
its performance, but the computational complexity would be
considerably increased for a high number of relays. For the
sake of simplicity, we adopt the mRC pairwise data exchange
model, but the full data exchange model can be considered in
future works.
A. Assumptions
The energy transmitted from each source node to the
selected relay for reception (Es) or from the selected relay(s)
for transmission to the sources (Erj ), in each time slot, is the
same, i. e., Erj = Es. We consider mutually independent
zero mean complex Gaussian random channel coefficients,
Fig. 1. System model of the proposed cloud-aided multi-way relay scheme.
which are fixed for the duration of one time slot and vary
independently from one time slot to the following, and the
transmission is organized in data packets. The order of the
packets is included in the preamble and the original order
is recovered at the destination. Signaling for network coordi-
nation and pilot symbols for estimation of the channel state
information (CSI) are also contained in the preamble. The
cloud is the central node and decides whether a cluster or
the relay(s) must transmit in a given time slot i, through a
feedback channel. An appropriate signalling provides global
CSI at the cloud. Moreover, we assume that each relay only
has information about its S1R and S2R links. The use of
a cloud as a single central node and its buffers reduces
the system complexity and the delay, since a unique central
node decides which nodes transmit (rather than all destination
nodes) and the packets associated with a cluster are stored
in only its particular cloud buffer instead of being spread in
the buffers of all relays. In this work, we focus on the ideal
case where the fronthaul links have unconstrained capacities,
and the relays can convey their exact received signals to the
cloud processor. Practical systems, however, have capacity-
constrained fronthaul links [4] and this limits the amount of
information that the relays can retransmit. Although these
unconstrained capacities in the fronthaul links simplify our
analysis, it does not limit the advantages of the proposed
protocol and relay selection algorithm, explained in the next
section. Moreover, capacity-constrained fronthaul links can be
considered elsewhere in future works and the performance
achieved by the proposed protocol may be considered as a
baseline or an upper bound.
B. System Model
For multi-way HD DF MABC systems, in the MA phase,
the signal sent by the selected cluster S (S1 and S2) and
received at Rg (the relay selected for reception) is organized
in an 2UMs × 1 vector given by
ys,rg [i] =
√
Es
Ms
Hs,rgx[i] + nrg [i], (1)
where x[i] is an 2Ms × 1 vector with Ms symbols sent by
S1 (x1[i]) and S2 (x2[i]), Hs,rg is a 2UMs × 2Ms matrix of
S1Rg and S2Rg links and nrg is the zero mean additive white
complex Gaussian noise (AWGN) at Rg . Note that Hs,rg is
formed by U square sub-matrices of dimensions 2Ms × 2Ms
as given by
Hs,rg = [H
1
s,rg
;H2s,rg ; . . . ;H
U
s,rg
]. (2)
The Maximum Likelihood (ML) detector is the optimal
detector from the point of view of minimizing the probability
of error (assuming equiprobable x). However, the ML detector
has high (exponential in MS) complexity and is only suited
to MIMO systems with a small number of antenna elements.
Assuming perfect synchronization, we may adopt the ML
receiver at the cloud processor:
xˆ[i] = argmin
x′[i]


∥∥∥∥∥ys,rg [i]−
√
Es
Ms
Hs,rgx
′[i]
∥∥∥∥∥
2

 , (3)
where x′[i] is each of the N2Mss possible vectors of sent
symbols (Ns is the quantity of symbols in the constellation
adopted). The ML receiver calculates an estimate of the
vector of symbols sent by the sources xˆ[i]. Other suboptimal
detection techniques could be considered in future work [17],
[18], [19], [20], [21], [22], [54], [24], [25], [26], [27], [28],
[31], [32], [33].
By performing PLNC, only the XOR outputs (resulting Ms
packets) are stored with the information: ”the bit sent by S1 is
equal (or not) to the corresponding bit sent by S2”. Therefore,
we apply the bitwise XOR:
z[i] = xˆ1[i]⊕ xˆ2[i] (4)
and store the resulting data in the cloud buffer. Therefore, an
advantage of applying PLNC is that we have to store only Ms
packets in the cloud buffer, instead of 2Ms.
In the BC phase, the signal sent by the relays selected for
transmission Rj (Rj1 and Rj2 ) and received at S1 and S2 is
structured in an Ms × 1 vector given by
yrj ,s1(2) [i] =
√
Erj
2MrTx
Hrj,s1(2)z[i] + ns1(2) [i], (5)
where z[i] is a Ms × 1 vector with Ms symbols, Hrj ,s1(2) =
Hrj1 ,s1(2) + Hrj2 ,s1(2) represents the Ms × Ms matrix of
Rj1S1(2) and Rj2S1(2) links, and ns1(2) [i] is the AWGN at S1
or S2. Note that Hrj ,s1(2) is formed by summing V matrices
of dimension Ms ×Ms as given by
Hrj,s1(2) = H
1
rj,s1(2)
+H2rj,s1(2) + · · ·+H
V
rj,s1(2)
. (6)
We may also adopt the ML receiver at the selected cluster,
which yields
z˜1(2)[i] = argmin
z′[i]


∥∥∥∥∥yrj ,s1(2) [i]−
√
Erj
2MrTx
Hrj ,s1(2)z
′[i]
∥∥∥∥∥
2

 , (7)
where z′[i] is each of the possible vectors with Ms symbols.
Therefore, at S1 we calculate the vector of symbols sent by
S2 by performing PLNC:
xˆ2[i] = x1[i]⊕ zˆ1[i]. (8)
It is also applied at S2 to calculate the vector of symbols sent
by S1:
xˆ1[i] = x2[i]⊕ zˆ2[i]. (9)
The estimated channel matrix Hˆ is considered instead of H in
(3) and (7), when performing the ML receiver, by assuming
imperfect CSI. Note that Hˆ is computed as Hˆ=H+He, where
the variance of the mutually independent zero mean complex
Gaussian He coefficients is given by σ
2
e = βE
−α (0 ≤ α ≤ 1
and β ≥ 0) [14], in which E = Es, in the MA phase, and
E = Es2 , in the BC phase. Channel and parameter estimation
[42], [43], [44], [45], [46], [47], [49], [50], [51], [52], [53],
[54], [55] techniques could be considered in future work in
order to develop algorithms for this particular setting.
III. PROPOSED MWC-BEST-USER-LINK PROTOCOL AND
RELAY SELECTION ALGORITHM
The system of Fig. 1 is equiped with the novel MWC-Best-
User-Link protocol, which in each time slot may operate in
two possible modes: MA or BC. The relay selection algorithm
of the proposed MWC-Best-User-Link protocol may operate
using the extended MMD [10] criterion. The MMD-based
relay selection algorithm minimizes the error in the ML
receiver and can be used for MIMO systems with a small
number of antenna elements due to its reduced complexity in
this case.
The MMD-based relay selection algorithm, in the MA
mode, chooses the relay and the associated channel matrix
HMMDs,r with the largest minimum distance as given by
HMMDs,r = argmax
Hs,r
BMAmin, (10)
where BMAmin = min
(
Es
Ms
∥∥Hus,r(xl − xn)∥∥2), u ∈ {1, . . . U},
xl and xn represent each possible vector formed by 2Ms
symbols and xl 6= xn. The metric
Es
Ms
∥∥Hus,r(xl − xn)∥∥2 is
calculated for each of the C
N2Mss
2 (combination of N
2Ms
s in
2) possibilities, for each sub-matrix Hus,r, and B
MA
min is the
smallest of these values. Thus the selected matrix HMMDs,r
has the largest BMAminvalue. Moreover, the MMD-based relay
selection algorithm, in the BC mode, chooses the relay and the
associated channel matrix HMMDr,s with the largest minimum
distance as given by
HMMDr,s = argmax
Hr,s
BBCmin, (11)
where BBCmin = min
(
Es
2MrTx
‖Hr,s(xl − xn)‖
2
)
, xl and xn
represent each possible vector formed by Ms symbols and
xl 6= xn. The metric
Es
2MrTx
‖Hr,s(xl − xn)‖
2
is calculated
for each of the C
NMss
2 possibilities, for each matrix Hr,s, and
BBCmin is the smallest of these values. Thus, the selected matrix
HMMDr,s has the largest B
BC
min value. The following subsections
explain how this protocol works.
A. Relay selection metric for MA and BC modes
For each cluster S (formed by S1 and S2), in the first step,
we calculate the metric AuSRi related to the SR links of each
square sub-matrix Hus,ri associated with the relay Ri, in the
MA mode:
AuSRi = B
MA
min, (12)
where u ∈ {1, ..., U} and i ∈ {1, ..., N}. In the second step,
we compute the ordering onAuSRi and find the smallest metric,
for being critical:
ASRi = min(A
u
SRi
), (13)
In the third step, we compute the ordering on ASRi and
find the largest metric:
Akmax SR = max(ASRi), (14)
where k ∈ {1, ...,K}. After finding Akmax SR for each cluster
k, we compute the ordering and find the largest metric:
AmaxSR = max(Akmax SR). (15)
Therefore, we choose the cluster and the relay Ri that fulfil
(15) to receive Ms packets from the selected cluster. For each
cluster, in the fourth step, we calculate the metrics ARijS1
related to the RS1 links of each matrix Hrij,s1 associated
with each pair of relays Ri and Rj , for BC mode:
ARijS1 = B
BC
min, (16)
where Hrij ,s1 = Hri,s1 +Hrj,s1 , i and j ∈ {1, ..., N}. In the
fifth step, this reasoning is also applied to calculate the metric
ARijS2 . In the sixth step, we compare the metrics ARijS1 and
ARijS2 and store the smallest one:
AminRijS = min(ARijS1 ,ARijS2). (17)
In the seventh step, after finding AminRijS for each pair of
relays, we compute the ordering and find the largest metric:
AkmaxRS = max(AminRijS), (18)
where k ∈ {1, ...,K}. After finding Akmax RS for each cluster
k, we compute the ordering and find the largest metric:
AmaxRS = max(Akmax RS). (19)
Therefore, we select the cluster and the relays Ri and Rj
that fulfil (19) to send simultaneouslyMs packets stored in the
particular cloud buffer to the selected cluster. The estimated
channel matrix Hˆ is considered in (12) and (16), instead of
H, if we consider imperfect CSI. Alternatively, a designer can
consider precoding techniques [34], [35], [36], [37], [38], [39],
[40], [41], [47], [48] to help mitigate interference rather than
open loop transmission.
B. Choice of the transmission mode
After calculating the metrics related to the SR and RS
links and finding AmaxSR and AmaxRS , these metrics are
compared and we select the transmission mode:

if
Npackets
Ms
> LoL, then ” BC mode” and select the cluster,
whose buffer is fullest.
elseif AmaxSR
AmaxRS
≥ G, then ” MA mode”,
otherwise, ” BC mode”,
whereG = E[AmaxSR]
E[AmaxRS ]
, Npackets is the total number of packets
stored in the cloud buffers, LoL ∈ {0, 1, 2, . . .} is a parameter
that when reduced increases the probability of the protocol
to operate in BC mode and, consequently, achieve a reduced
average delay (low latency).
C. Pairwise Error Probability
The PEP assumes an error event when xn is sent and
the detector calculates an incorrect xl (where l 6= n), based
on the received symbol [9], [10], [11]. Considering D′ =
‖H(xn − xl)‖
2
, in MA mode, and D′ = 12 ‖H(xn − xl)‖
2
,
in BC mode, the worst value of the PEP (PEP worst case) that
occurs for the smallest value of D′ (D′min) is given by
P(xn → xl|H) = Q
(√
Es
2N0M
D′min
)
, (20)
whereM =Ms, in the MA mode, andM = MrTx , in the BC
mode. By considering that the probability of having no error
in the two phases of the system is approximately given by the
square of (1−P(xn → xl|H)), an expression for calculating
the worst case of the PEP for cooperative transmissions (CT),
in each time slot is given by
PCT (xn → xl|H) ≈ 1− (1−P(xn → xl|H))
2
≈ 1−
(
1−Q
(√
Es
2N0M
D′min
))2
.
(21)
Note that this expression may be used for calculating the worst
case of the PEP, for both symmetric and asymmetric channels.
The proposed MWC-Best-User-Link, using the MMD relay
selection criterion, selects the channel matrix HMMD , mini-
mizing the PEP worst case, as shown by
HMMD = argmin
H
P(xn → xl|H)
= argmax
H
min ‖H(xn − xl)‖
2 .
(22)
Consequently, the MMD relay selection criterion, by max-
imizing the minimum Euclidian distance between different
vectors of transmitted symbols, minimizes the error in the ML
receiver. This reasoning may be applied also for each of the
square sub-matrices Hu in a non square matrix H (formed
by multiple square sub-matrices). In a future journal version
of this paper we develop a proof that shows that the MMD
relay selection criterion minimizes the PEP worst case and,
consequently, the error in the proposed MWC-Best-User-Link
protocol, with ML receiver.
D. Sum-Rate
In [9], a framework is proposed to analyze the sum-rate of
the MW-Max-Link. In the following, we use this framework to
compute the sum-rate of the proposed MWC-Best-User-Link.
In the case of a time slot i selected for MA mode, the sum-rate
is given by
RSRi =
1
2
log2 det
(
Hs,r(Qs,r/N0)H
H
s,r + I
)
, (23)
where Qs,r = E[x(x)
H ] = I Es
Ms
. Furthermore, in the case of
a time slot i selected for BC mode, the sum-rate is given by
R
RS1(2)
i =
1
2
log2 det
(
Hr,s1(2)(Qr,s1(2)/N0)H
H
r,s1(2)
+ I
)
, (24)
where Qr,s = I
Es
2MrTx
. So, the average sum-rate (R) of the
MWC-Best-User-Link scheme can be approximated by
R ≈
∑nSR
i=1 R
SR
i +
∑nRS
i=1 (R
RS1
i +R
RS2
i )
nSR + nRS
, (25)
where nSR and nRS are the number of time slots selected for
SR and RS transmissions, respectively.
IV. SIMULATION RESULTS
We assess via simulations the proposed MWC-Best-User-
Link and the existing MW-Max-Link [9], using the MMD-
based relay selection algorithm, with the ML receiver. We
employ BPSK signals and note that other constellations as
QPSK and 16-QAM were not included but can be examined
elsewhere. The average delay is calculated by considering the
time a packet needs to reach the destination once it has left
the source (no delay is measured when the packet resides at
the source [15]). So, the delay is the number of time slots the
packet stays in the cloud buffer. The performance of MWC-
Best-User-Link and MW-Max-Link protocols was assessed for
a set of L values. Then, we found that L = J
Ms
= 3 sets
of Ms packets is sufficient to ensure a good performance.
We consider perfect and imperfect CSI and symmetric unit
power channels (σ2s,r = σ
2
r,s = 1). The signal-to-noise ratio
(SNR) given by E/N0 ranges from 0 to 10 dB, where E is
the energy transmitted from each source or the relay(s) and we
consider N0 = 1. The transmission protocols were simulated
for 10000Ms packets, each with T = 100 symbols. We
assumed perfect signaling between the cloud and the network,
but imperfect signaling can be considered in future works.
Fig. 2 depicts the BER and sum-rate performances of the
MWC-Best-User-Link (MMD) and MW-Max-Link (MMD)
protocols, for Ms = 2, MrTx = 2, MrRx = 4 in MW-
Max-Link and MrRx = 4 and 8 in MWC-Best-User-Link,
K = 5, N = 10, BPSK, LoL > KL, perfect and imperfect
CSI (β = 0.5 and α = 1). For both perfect and imperfect CSI
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Fig. 2. BER and Sum-Rate performances versus SNR.
(full and dashed curves, respectively), the BER performance
of MWC-Best-User-Link is considerably better than that of
MW-Max-Link for all the range of SNR values simulated.
Note that the BER performance of MWC-Best-User-Link, with
MrRx = 8, obtains a gain of almost 3dB in SNR for the
same BER as compared to that of MW-Max-Link. Moreover,
the sum-rate performances of MWC-Best-User-Link are also
considerably better than that of MW-Max-Link.
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Fig. 3. BER and Average Delay performances versus SNR.
Fig. 3 illustrates the BER and the average delay perfor-
mances of MWC-Best-User-Link (MMD) and MW-Max-Link
(MMD), for BPSK, Ms = 2, MrTx = 2, MrRx = 4 in MW-
Max-Link, and MrRx = 8 in MWC-Best-User-Link, K = 5,
N = 10, LoL = 0, 1, 5 and LoL > KL and perfect CSI.
The average delay performance of MWC-Best-User-Link is
considerably better than that of MW-Max-Link, as MWC-
Best-User-Link has a unique set of K cloud buffers. When
we reduce the value of LoL to 0 in the MWC-Best-User-
Link protocol, the average delay is reduced to 1 time slot,
still keeping a considerably better BER performance than that
of MW-Max-Link.
V. CONCLUSIONS
A novel framework configured by a cloud as a central
node with buffers has been introduced and investigated as a
favorable relay selection strategy for multi-way protocols. We
have examined relay-selection techniques for multi-way coop-
erative MIMO systems that are aided by a cloud central node,
where a cluster with two sources is selected to simultaneously
transmit to each other aided by relays. Simulations illustrate
the excellent performance of the proposed MWC-Best-User-
Link protocol, that by using the MMD-based relay selection
algorithm, outperformed the existing MW-Max-Link scheme
in terms of BER, sum-rate and average delay. In particular,
this novel protocol has a considerably reduced average delay,
keeping the high diversity gain.
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